Optical emission from an electronically coupled pair of nanoemitters is investigated, in a new theoretical development prompted by experimental work on oriented semiconductor polymer nanostructures. Three physically distinct mechanisms for photon emission by such a pair, positioned in the near-field, are identified: emission from a pairdelocalized exciton state, emission that engages electrodynamic coupling through quantum interference, and correlated photon emission from the two components of the pair. Each possibility is investigated, in detail, by examination of the emission signal via explicit coupling of the nanoemitter pair with a photodetector, enabling calculations to give predictive results in a form directly tailored for experiment. The analysis incorporates both near-and far-field properties (determined from the detector-pair displacement), so that the framework is applicable not only to a conventional remote detector, but also a near-field microscope setup. The results prove strongly dependent on geometry and selection rules. This work paves the way for a broader investigation of pairwise coupling effects in the optical emission from structured nanoemitter arrays.
INTRODUCTION
Optical nanoantennas represent the forefront of modern miniaturization of technology originating in the radio-frequency domain. [1] [2] [3] Many of the most attractive modern systems operate on the basis of the distinctive dispersion properties and intense plasmonic response of metallic nanoparticles at optical frequencies, and one of the most appealing facets of such systems is their capacity to steer directional emission through nanoantenna-emitter coupling -especially by interface with gold nanoantennas. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Alongside these developments, a range of other plasmonic and dielectric methods have also been demonstrated to provide for enhanced rates of fluorescence [18] [19] [20] [21] [22] and resonance energy transfer, 23, 24 from and between nanoscale components. Moreover, there is recent theory work that has identified new opportunities for nonlinear optical techniques to improve data capture in fluorescence microscopy and imaging. 25 Rapidly escalating research in this whole area has, until now, mostly focused either upon the action and activity of individual optical components, or the collective response of extended one-or two-dimensional arrays. [26] [27] [28] [29] [30] [31] It is therefore timely, and of considerable interest, to consider in more detail what kinds of effect might arise from the coupling of nanoemitters paired in close proximity. [32] [33] [34] The theory work that follows, building on earlier calculations, 35 aims to identify distinctive electromagnetic coupling features in the optical emission from dielectric nanoparticle pairs, focusing on the interplay between electronic and local geometric configurations where phase properties can be anticipated to play a prominent role. New results, recently derived and now reported here, explicitly take account of the coupling between the nanoemitters and the detector. As such, the analysis offers a robust means to predict the full intensity and phase properties of the signal fluorescence. This is a photonic formulation directly tailored for the identification of both nearand far-field properties, enabling the results to be applied not only to a conventional remote detector, but also to measurements made with a near-field microscope. 
The sought detector signal for the optical emission is a result of energy being transmitted from the nanoemitter pair to the photodetector. It is possible to rigorously describe both the electromagnetic coupling that operates between each emitter and the detector, and also the coupling between the emitters (involved in producing distinctive features in the pair fluorescence) in a single consistent quantum framework. In this sense, the fundamental mechanism for the coupling between any two components entails the transfer of a (virtual) photon. Although our focus is on the delivery of optical energy from an excited emitter (say, the primary nanoemitter A) to the detector, certain characteristic effects arise from the additional electrodynamic involvement of molecule B, positioned in the near-field region of A. It is assumed that A and B are equidistant from D, as in a standard experimental setup, and also that the two emission dipole moments, i.e. μ A and μ B , are parallel to each other. Fixing a coordinate origin midway between A and B, the position of D serves to define the z-axis, as shown in Figure 1 . The μ D vector is limited to the (x, y) plane for simplicity, and the specific orientations of the three transition dipole moments are defined by angles θ, φ and ψ as illustrated.
OPTICAL MECHANISMS FOR TWIN-EMITTER ELECTRONIC DECAY

Excitation localized on one emitter
Consider molecular excitation localized on one of the emitters, A. The initial and final system states are given by the Dirac 'kets' , respectively. Accounting for contributions from both terms in (1), the overall quantum amplitude is given by;
The leading term, corresponding to the first term of (1), signifies direct coupling of D with A. With implied summation over repeated Cartesian indexes, it is expressible as;
;
Here, the superscripts on the transition dipoles designate the nature of the transition, e.g. γ 0 denotes the transition γ ← 0, and R DA is the displacement of A with respect to D. There are three fourth-order terms, deriving from the second term of equation (1); these relate to distinct combinations of pairwise coupling, one of which is illustrated by Figure 2 . These are the leading contributions to the quantum amplitude with a direct dependence on the relative positioning of the two emitters. Extending the use of superscripts on M to represent intermolecular connectivity, we have; 
The intermolecular coupling tensor, ( ) ; ij V p R , which features in equations (3) and (4), is in general given explicitly by; 
where sin cos sin sin cos 
The lower graph of Figure 3 illustrates how the pair-dependent part of the signal also depends on the relative values of the emitter static polarizability components. Notice the correlation of the signal zero with the result for 2 DA M in the upper graph. The lower graph shows that it is the polarizability components in the (x, y) plane that most significantly contribute to the position-sensitivity of the pair fluorescence signal. 
Excitation delocalized across the pair
Now if A and B are chemically identical, and there is significant electronic coupling between them (without any wavefunction overlap signifying chemical connectivity), then delocalization of the initial excitation across the emitting pair must be considered. In such circumstances, the initial quantum state is correctly described as a superposition of two localized-excitation states, with the appropriate normalization factor included. The relevant combinations, denoted as either symmetric i + or antisymmetric i − , are defined explicitly by:
The nanoemitter pair may undergo fluorescence emission from each of these two exciton states, and the quantum amplitude for the detection of either process is given by;
Each superscript on the right designates the effective position of localized excitation. Moreover, the result for M A is as provided by equation (2), and the chemical similarity (together with the symmetry of this system geometry) implies that the expression for M B takes exactly the same form, with the labels A and B interchanged. The character of the detected signal then depends on the capability of resolving two components in the exciton state. Generally, the coupling of the two emitter states will lead to degeneracy splitting of magnitude Figure 4 , is a nodal plane halfway between A and B, clearly distinguishing the antisymmetric exciton case.
Correlated emission by the pair
When both nanoemitters are initially excited, transport to the detector of the energy associated with double-excitation decay may occur via another set of processes. The simplest involves a stepwise mechanism, i.e. excitation transfers from A to D and, subsequently from B to D. This, of course, requires that the dark time for the detector is less than the interval between the arrival times of the photons conveyed from A and B. There is a less demanding but higher order mechanism known as energy pooling, which in a cooperative transfer guise involves the absorption of two photons by the detector at essentially the same time; phenomenologically, this is very similar to the stepwise case. An alternative sub-mechanism is accretive transfer, in which excitation is transferred from one donor to the other before transportation to the acceptor. The theory for each of these mechanisms is equivalent in form to the constructs of equation (4), with appropriate changes to the state designations and p values. In the present situation, since both donors are excited, the sum of the energy absorbed at the two donors is transferred to the acceptor. Much more detail on energy pooling, applied to a different system to those presented here, is found elsewhere.
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DISCUSSION
We have shown that the fluorescence emitted by an electronically coupled pair of nanoemitters produces a highly characteristic signal, strongly dependent on the relative positions of the emitters. By specific inclusion of the florescence detector in the calculations, the results are directly tailored for experimental application. In cases where excitation is localized on a single nanoemitter, coupling with a nearby counterpart produces fluorescence with a distinctive dependence on the relative position and orientation of the pair, and on the static polarizability of each emitter. Conversely, when the initial excitation is delocalized across the pair, the emission conveys features characteristic of an exciton doublet. Maps of the detailed intensity and phase distribution then reveal striking departures from the character of single-center emission. 43 Continuing to pave the way for experimental studies, we now plan to extend this analysis to a more comprehensive study of the collective fluorescence from arrays comprising multiple emitters, including far-field behavior and multiphoton effects.
